(M.L. Ancelin).
Introduction
In the past, clinicians have made the distinction between 'endogenous' and 'reactive' depression in accordance with the empirical observation that depressive episodes may be triggered in some patients by environmental stressors, but not in others, where it was attributable to genetic vulnerability. The most recent meta-analysis confirmed a robust link between the short (S) form of the serotonin transporter gene (5-HTTLPR), experiencing stress, and resulting depression (Sharpley et al., 2014) . Around 35% of these studies however, failed to show any significant association or found opposite results, with carriers of the long (L) form being at a higher risk of depression following life stress. The studies reporting opposing findings did not appear to be flawed by reduced power or methodological weaknesses, and the results were independent of study design, depression measure and type of stressful event (Sharpley et al., 2014) . Age has been frequently evoked as a potential source of inconsistent findings for depression (Uher and McGuffin, 2008) and post-traumatic stress disorder (Navarro-Mateu et al., 2013) . Further, unlike in younger populations where the S allele is a risk factor, the LL genotype appears a risk factor for mental and physical distress in elderly people highly exposed to chronic disorders and severe stressors (Grabe et al., 2011) . This may explain why there is no generally accepted gene-dose model.
Another important source of heterogeneity pointed by Sharpley et al. and potential limitation of previous studies is the method used to assess stress, i.e. whether extrinsic stress was self-reported or objectively recognized (Sharpley et al., 2014) . They also raised the possibility of different neurobiological underpinnings and pathways for depression but, so far, intrinsic biological stress measures have not been examined.
The hypothalamic-pituitary-adrenal (HPA) axis is one of the principal stress signaling pathways, and results in releases of cortisol (Kudielka et al., 2012) . Cortisol secretion is not only a good indicator of HPA responsivity and differential biological response to short-term versus long-term effect of stress (Miller et al., 2007; Morris et al., 2012) but it also constitutes one important neurobiological Ancelin 4 characteristic of depression (Stetler and Miller, 2011) . Heightened diurnal cortisol levels have been frequently reported in depressed individuals (Belvederi Murri et al., 2014) , and remain high after recovery from major depression (Beluche et al., 2009) , suggesting it may constitute a trait marker for vulnerability to depression. Conversely, exposure to traumatic events has been associated with lower evening cortisol (Chaudieu et al., 2008; Morris et al., 2012) . There is also a link between serotonergic signaling and HPA axis functioning (Vazquez et al., 2012) , and the 5-HTTLPR gene has been shown to influence cortisol reactivity in young adults exposed to acute psychosocial stress, whereas the unique study in elderly reported an inverse association (Miller et al., 2013) . So far, no study has examined the impact of both an adverse environment and corticotropic axis dysfunctioning, which could represent different aspects of stress with distinct biological effects (Grabe et al., 2011) and consequences for depression risk. Whether this could differ as a function of 5-HTTLPR genotype, yielding contradictory findings has also not been investigated.
This study evaluated whether both recent stressful events and cortisol levels are associated with late-life depression and if this differs according to 5-HTTLPR genotype, while taking into account sociodemographic and stress-related factors, as well as past major depression.
Subjects and Methods
Eligible participants, who were at least 65 years of age and non-institutionalized, were recruited by random selection from the electoral rolls between 1999 and 2001 (Ritchie et al., 2009 ). The standardized interview in the Esprit study included information on socio-demographic characteristics, physical health, and medical history of the participants. This study was based on a random sample of 344 non-demented participants who underwent depression assessment, responded to all questions concerning their experience of recent stressful events, had complete diurnal cortisol samples, and agreed to provide blood samples for 5-HTTLPR genotyping. Repeated diurnal salivary cortisol samples and measures were taken, as published previously (see Supplemental Methods for details).
Genotyping of 5-HTTLPR and the A/G polymorphism (rs25531) within the promoter region were performed as described previously (Ritchie et al., 2009) , which was validated with independent Ancelin 5 genotyping of matched buccal DNA samples. Major depression and anxiety disorder were diagnosed according to DSM-IV criteria using the Mini International Neuropsychiatric Interview (MINI, French version 5.00), a standardized psychiatric examination validated in the general population (Sheehan et al., 1998) . Case-level late-life depression was defined as a MINI diagnosis of current major depression or high levels of depressive symptomatology (score ≥16) on the Center for Epidemiologic StudiesDepression Scale (Radloff, 1977) . Exposure to stressful events during the past year was assessed using the validated Gospel Oak questionnaire (Harwood et al., 1998) . The national ethics committee approved the study and all participants provided written informed consent.
The association between the 5-HTTLPR allelic frequency and depression was examined by logistic regression analysis, using the conventional biallelic and the triallelic model further considering the rs25531 polymorphism within the promoter. Previous association studies have suggested dominant, codominant, and recessive models of the 5-HTTLPR S (or S') allele without a clear consensus (Uher and McGuffin, 2008) . To overcome this problem, we compared both possible allele groups separately by aggregating samples according to an S (or S') recessive model (having two alleles), and an S (or S') dominant model (having at least one allele). We also examined whether there was a statistical significant interaction between genotype (5-HTTLPR) and stress-related variables on the risk of depression. In keeping with the original aim of our study, we then stratified analysis by 5-HTTLPR, and generated multivariable models to determine the association between stress-related variables (morning and evening cortisol levels, recent stressful events), and depression. SAS (v9.4, SAS Institute, NC, USA) was used for the statistical analyses with a significance level of p <0.05.
Results
Participant characteristics are summarized in Table 1 and 4.5% currently used antidepressants. The mean (SD) age of first onset depression was 48.3 (16.6) years and 43% of the participants with past depression had recurrent episodes. There were no significant differences in socio-demographic or clinical characteristics across genotype groups. In logistic regression models adjusted for age and sex, experiencing a recent stressful event and a history of major depression were both associated with a >2-Ancelin 6 fold increased risk of clinical depression in the whole sample, but cortisol levels were not associated with depression risk (Table 2A) . There was some evidence that 5-HTTLPR (+/-rs25531) genotype modified the association between stress-related factors and depression risk, in particular for recent stressful events, although the multiplicative interaction term failed to reach statistical significance (p<0.10 in both the dominant and recessive models) (Tables S1 and S2).
After stratification by genotype, the associations of recent stressful events and depression with depression more than doubled in strength for L homozygous individuals, but were clearly not significant for individuals homozygous for the S allele (Table 2B) . A distinct pattern was found when examining cortisol levels. Higher morning cortisol levels were associated with a 4-fold increased risk of depression in the SS individuals only. Conversely, a negative association between evening cortisol and depression risk was found specifically for LL participants. In multivariable models combining the significant stressrelated risk factors, evening cortisol levels were no longer significantly associated with depression in LL participants, after accounting for recent stress (evening cortisol: OR=0.57, 95% CI=0.29-1.11, p=0.10; recent stressful events: OR=5.16, 95% CI=1. 35-19.78, p=0.017) . These findings remained similar after inclusion of past major depression (Table S3A ) and were not modified when taking into account recurrent episodes or current antidepressant use. Additional variables shown in Table 1 were not significantly associated with depression (all p ≥0.15). The associations remained consistent when examining the triallelic model, and in addition recent stressful events were associated with depression among S'L' heterozygotes (Table S3B) .
Discussion
To our knowledge, this is the first study to investigate the impact of stress on depression, using both extrinsic (self-report of stressful events) and intrinsic (cortisol secretion) stress indicators. Our findings show differential stress-related susceptibility to late-life depression, with some indication that this might also vary depending on 5-HTTLPR genotype, although the GxE interaction term failed to reach the 5% significance level. In stratified analysis, the risk of depression was significantly associated with higher morning cortisol levels specifically in the SS participants and this was independent of stressful events. In the LL participants however, stressful events and past major depression were significantly associated with increased depression risk. These significant associations were independent of socio-demographic characteristics and comorbidity. No stress-related factors were significantly associated with depression in the SL individuals despite double the number of participants in this group compared with the SS or LL participants. This may explain why in this study and others, there is no clear conclusion regarding the inheritance model of the 5-HTTLPR polymorphism (morning cortisol suggests a recessive model but past major depression a dominant one).
These data provide further support for the complex interplay between HPA axis functioning and serotonergic signaling with possible modulation according to adverse psychological environment, e.g. Cortisol hypersecretion is thought to characterize the short-term effect of stress with initial activation of the HPA axis, whereas hypo-secretion may develop in the long-term (Miller et al., 2007; Morris et al., 2012) and has been associated with experiencing a high degree of chronic stress or recurrent depressive episodes (Bremmer et al., 2007) . In the elderly, late-life depressive symptoms have been found to be associated with both hyperactivity and hypoactivity of the HPA axis, with distinct characteristics, e.g. low cortisol levels being specifically associated with recurrent depression (Bremmer et al., 2007) . However these studies were limited by only one cortisol sample and they did not take into account stressful life events. This could be particularly critical considering that elderly people are more likely to accumulate stressful experiences with potential influences on cortisol secretion, and that with increasing age the HPA axis could be more vulnerable to dysregulation (Belvederi Murri et al., 2014) .
Our findings in the general elderly population concur with these previous reports; cortisol hypersecretion reflecting current psychological load, whereas hyposecretion possibly reflecting Ancelin 8 exposure history and chronic stress. Furthermore, we present some preliminary evidence that this might depend on 5-HTTLPR genotype, which would also be supported by some prior research findings.
Lowered evening cortisol in LL depressed participants could actually reflect or be a consequence of adversity, as the former was not significant after multivariable adjustment. This is consistent with our previous findings in this Esprit population of a significant association between exposure to traumas (Chaudieu et al., 2008) and lower evening cortisol levels. It may be that LL participants are more vulnerable to intrinsically stress related environmental factors which could reflect 'reactive' depression, however this hypothesis could not be directly tested in our study. The specific association of past depression, as well as early life events (Ritchie et al., 2009 ) with current depression in the LL participants, also supports this hypothesis. Conversely, heightened morning cortisol could represent a biological correlate or even a causal factor for late-life depression in SS individuals and might be a marker of 'endogenous' depression. In contrast, SL individuals appeared resilient to both intrinsically and extrinsically stress-related factors in terms of depression risk. A schematic model was drawn to illustrate these findings ( Figure S1 ). Equivalent results were found for both S'S' and L'L' homozygous.
For the S'L' heterozygotes, recent stressful events were associated with depression, but to a much weaker extent than for L'L' participants. A number of allelic variants have been described in the 5-HTTLPR polymorphisms in humans and it is currently not clear whether the magnitude of any association may be affected by this variability and if rs25531 has any impact on the functionality of the short 5-HTTLPR allele (Uher and McGuffin, 2008) . Caution however must also be taken in the interpretation of these findings, given that the interaction terms did not reach statistical significance and the effect sizes were modest. It would be interesting to now try and replicate these findings in a very large independent cohort.
The regulation of the HPA axis is complex and influenced by multiple factors, e.g. exposure to different stressors, person-dependent factors, and heritable factors. Twin studies show a much higher heritability of morning cortisol than evening cortisol levels (60% vs. 8%), with the latter having a greater environmental influence (Franz et al., 2010) . Our data would also support this and further suggests that increased morning cortisol in the SS depressed participants may be under genetic control.
The set-point of the HPA axis could be influenced by genes involved in corticosteroid signaling. The corticosteroid receptors have been involved in a large range of neurobiological correlates that underlie depression, e.g. HPA axis hyperactivity, glucocorticoid resistance, and changes in neural plasticity and neurogenesis (Anacker et al., 2011) . Antidepressants have been shown to impact all of these mechanisms and to modulate receptor function, providing further support that these receptors may play a pivotal role in the neurobiological disturbances that contribute to depression (Anacker et al., 2011) .
Although the size of our study was relatively large for a study of this kind (with data both on diurnal cortisol secretion and 5-HTTLPR genotyping), the stratified analysis included groups of less than 100 individuals, thus potentially limiting the overall power of the study. Data related to recent stressful events were retrospective, but participants diagnosed with possible dementia were excluded to minimize recall bias. Strengths of our study are that it was population-based and involved 344 elderly people with 5-HTTLPR genotyping data (including information on the rs25531 variant) as well as complete diurnal cortisol secretion and validated measures of recent stressful events and depression. We were not able to consider atypical depression subtypes but we controlled for key stress-related covariates thus minimizing any confounding as well as for genotyping accuracy through duplicate samples collected at different times and with independent genotyping, to ensure the integrity of this data. Finally, since multiple analyses have been performed and we stratified analysis by 5-HTTLPR genotype, we cannot exclude that some associations were due to chance. Further studies are needed to replicate our findings.
Our findings demonstrate differential stress-related susceptibility to late-life depression and the potential that these effects might vary depending on 5-HTTLPR genotype. This would suggest individual neuroendocrine heterogeneity of depression which may require different clinical management.
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